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Introduction {#oby22175-sec-0001}
============

Over the past four decades, overweight, obesity, and related metabolic disorders have reached epidemic proportions [1](#oby22175-bib-0001){ref-type="ref"}. This phenomenon is the result of biological, behavioral, and environmental complex processes that still must be better deciphered. However, evidence suggests that human evolution, which has taken billions of years of continual interaction with our environment, played a major role in the way we have evolved. Among the environmental factors, intestinal microbes have conferred numerous metabolic and biological functions that we are unable to perform by our own cells. Recent data estimate that humans are colonized by trillions of microbes, and the vast majority of them reside in our gut. This tremendous number of microbial cells represents a ratio of approximately 1:1 between human and microbial cells, or even 1:10 if we take into account only the number of human nucleated cells (i.e., excluding red blood cells) [2](#oby22175-bib-0002){ref-type="ref"}. In addition, the gut microbiota harbors a vast number of genes that clearly outnumbers our own genome by at least 100‐fold [3](#oby22175-bib-0003){ref-type="ref"}. This vast catalog of genes encodes for specific metabolic activities, allowing microbes to adapt to their environment and eventually the energy sources available. Hence, the gut microbiota is considered a massive "organ" able to perform complex functions and thereby produce a myriad of different metabolites (Figures [1](#oby22175-fig-0001){ref-type="fig"}, [2](#oby22175-fig-0002){ref-type="fig"}). The current level of knowledge is progressing, with more than 10,000 papers published in 3 years (PubMed search: "gut microbiota"). Indeed, numerous publications have found an association between the microbiota and many diseases (e.g., obesity, diabetes, liver diseases, altered immunity, digestive diseases, cancer, neurodegenerative disorders), but the exact role of the gut microbiota in the onset of diseases remains a matter of debate [4](#oby22175-bib-0004){ref-type="ref"}. The microbial diversity (i.e., species richness of the microbiota) is another concept that has been linked with the metabolic functions of the gut bacteria. Indeed, low bacterial richness is consistently appearing in the literature as a risk factor for different diseases (e.g., obesity, low‐grade inflammation, intestinal inflammation) [5](#oby22175-bib-0005){ref-type="ref"} (for review [6](#oby22175-bib-0006){ref-type="ref"}). Aside from the microbial diversity, evidence also suggests that we can classify subjects on the basis of the number of bacterial genes that they harbor in their gut (i.e., microbial gene richness). More precisely, Le Chatelier et al. identified a bimodal distribution of microbial genes leading to the clustering of subjects as either low gene count or high gene count according to the number of genes present in the microbiota [5](#oby22175-bib-0005){ref-type="ref"}. This also seems to be important for the susceptibility to respond to dietary intervention devoted to improving metabolic parameters, since dietary restriction in patients with overweight or obesity is less efficient in low gene count than in high gene count individuals in terms of improving insulin sensitivity and lowering cholesterol and inflammation [7](#oby22175-bib-0007){ref-type="ref"}.

![**Gut microbiota is involved in a complex interaction with host metabolism.** The gut microbiota is involved in complex interaction between food (i.e., dietary ingredients changing the microbiota) and consequently the metabolite produced. Gut bacteria also contribute to the regulation of the production of neurotransmitters, different hormones, and finally host metabolism. Numerous data suggest that the composition and the activity of the gut microbes are responsible for the protection or the onset of diseases associated with obesity, such as insulin resistance, low‐grade inflammation, fatty liver, and diabetes. Thus, the gut and microbes are communicating with all the organs via specific metabolites, hormones, and neurotransmitters, acting through direct or indirect pathways (i.e., the vagus nerve).](OBY-26-792-g001){#oby22175-fig-0001}

![**Mechanisms of interaction between bacterial products and host organs: the role of the gut lining.** Numerous metabolites are produced upon the metabolic activity of the gut microbes. Most of them are chemically similar to those produced by the host cells (i.e., nitric oxide \[NO\]; gamma‐aminobutyric acid \[GABA\]; serotonin \[5‐hydroxytriptamine, (5‐HT)\]; short chain fatty acids \[SCFAs\], and indoles), whereas others result from the chemical transformations of host molecules by microbes, namely the bile acids (BAs). All these molecules are recognized by the host cells and may act on specific receptors (both nuclear and membrane receptors) or eliciting the secretion of other hormonal signals such as the gut peptides glucagon‐like peptide‐1 (GLP‐1) or peptide YY (PYY) that both act on energy metabolism by acting through nervous routes or blood relay.\
Translocation of lipopolysaccharides (LPS) through the gut lining is a hallmark of obesity, diabetes, and related disorders. Leakage of LPS into the blood triggers low‐grade inflammation and thereby affects liver, adipose tissue, and muscle metabolism. In addition, those endotoxins can alter the activity of the enteric nervous system (ENS) as well as the gut‐brain axis via the vagus nerve, hence affecting appetite regulation.](OBY-26-792-g002){#oby22175-fig-0002}

Although a direct causality is not completely proven, various data support the concept that strong relationships exist among the gut microbiota composition, its metabolic activity (e.g., metabolite production), and its host metabolism (Figure [1](#oby22175-fig-0001){ref-type="fig"}). In other words, the activity of the gut bacteria may influence not only our health but also the risk of developing diseases [8](#oby22175-bib-0008){ref-type="ref"}, [9](#oby22175-bib-0009){ref-type="ref"}.

In this review, we will focus our attention on what is known thus far regarding key microbial metabolites and the specific mechanisms by which they interact with host cells in the context of obesity and metabolic disorders. We will also describe specific pathways by which gut microbes regulate physiological processes, including the nervous, immune, and endocrine routes.

Brief Overview of Data Suggesting Link Between Microbes and Obesity {#oby22175-sec-0002}
===================================================================

The link between the gut microbiota and body weight has been extensively studied. Over the past 15 years, numerous studies have shown that changing the gut microbiota of both rats and mice by using, for example, prebiotics [10](#oby22175-bib-0010){ref-type="ref"} reduces body weight gain and fat mass development and improves glucose metabolism [11](#oby22175-bib-0011){ref-type="ref"}, [12](#oby22175-bib-0012){ref-type="ref"}, [13](#oby22175-bib-0013){ref-type="ref"}. However, it was only in 2006 that Turnbaugh et al. provided the first proof of concept using germ‐free (GF) mice (i.e., mice that are devoid of any microorganisms), demonstrating that transferring the microbiota from mice with genetic obesity (i.e., *ob/ob*) to GF mice induced a higher body weight and fat mass gain [14](#oby22175-bib-0014){ref-type="ref"}. This link has been further observed with the gut microbiota from rodents with diet‐induced obesity [15](#oby22175-bib-0015){ref-type="ref"}, [16](#oby22175-bib-0016){ref-type="ref"} and even with the microbiota from humans with obesity [17](#oby22175-bib-0017){ref-type="ref"}. It is important to highlight that although both body weight and fat mass were increased in all these experiments, the magnitude of the effect observed in the GF‐recipient mice receiving the microbiota from donors with obesity remains moderate as compared to diet‐induced or genetic‐induced obesity (i.e., ranging from 10%‐20% of difference between lean mice vs. mice with obesity) [15](#oby22175-bib-0015){ref-type="ref"}, [16](#oby22175-bib-0016){ref-type="ref"}, [17](#oby22175-bib-0017){ref-type="ref"}. For example, in the seminal paper by Turnbaugh et al., the recipient mice gained 47% of fat mass when receiving the microbiota from *ob/ob* mice, whereas they gained 27% with the microbiota from lean mice (i.e., a mean of 20% difference between groups). Conversely, in the study from Ridaura et al., [17](#oby22175-bib-0017){ref-type="ref"} the same kind of experiment was associated with a 7% to 14% fat mass gain (*ob/ob* donors). A similar difference of around 10% increased fat mass was observed when comparing the impact of the microbiota from a human twin with obesity versus the lean twin [17](#oby22175-bib-0017){ref-type="ref"}.

Similarly, reducing the abundance of most intestinal microbes by using broad‐spectrum antibiotics also partially protects mice against diet‐induced obesity and related metabolic disorders (Figure [1](#oby22175-fig-0001){ref-type="fig"}) [18](#oby22175-bib-0018){ref-type="ref"}, [19](#oby22175-bib-0019){ref-type="ref"}, [20](#oby22175-bib-0020){ref-type="ref"}. These findings suggest a causal link between microbes and the onset of body weight gain.

Despite this series of animal experiments showing proof of concept of a clear association between microbes and host metabolism, the vast majority of the results currently published in the literature have been obtained by comparing the composition of the microbiota and/or microbial metabolites between lean subjects and subjects with obesity and/or diabetes. Nevertheless, these types of observations are consistent among cohorts and even between very different geographic situations. However, there are still numerous discussions regarding the exact composition of a healthy microbiota [5](#oby22175-bib-0005){ref-type="ref"}, [14](#oby22175-bib-0014){ref-type="ref"}, [21](#oby22175-bib-0021){ref-type="ref"}, [22](#oby22175-bib-0022){ref-type="ref"}, [23](#oby22175-bib-0023){ref-type="ref"}. Should we focus on the general composition only at the phyla levels (i.e., the so‐called Firmicutes/Bacteroidetes ratio) or at deeper levels (i.e., the genus and species level)? Is it more relevant to explore the metabolic capacities of the intestinal microbiota and, eventually, the metabolites produced? Aside from these considerations, another major issue is the large technical variations observed in metagenomic analysis. Therefore, it is urgent to standardize the sampling of specimens, the DNA extraction protocols, and the bioinformatics tools, not only in order to achieve sufficient reproducibility between studies but also to generate comparable data between cohorts for further meta‐analysis and an eventually interesting outcome for health [24](#oby22175-bib-0024){ref-type="ref"}, [25](#oby22175-bib-0025){ref-type="ref"}

At the current state of knowledge, there is no clear answer to these questions, but the overall scientific community has recommended obtaining a more comprehensive view of the situation by assessing not only the composition but also the metabolites (Figure [2](#oby22175-fig-0002){ref-type="fig"}). Thus, for this part of the review, there are still numerous factors and mechanisms that merit consideration and will be further discussed in proceeding sections.

Key Mechanisms by Which Microbes Communicate with Host Organs {#oby22175-sec-0003}
=============================================================

Nervous routes and endocrine routes {#oby22175-sec-0004}
-----------------------------------

### Enteric nervous system {#oby22175-sec-0005}

The gastrointestinal tract is densely innervated by intrinsic and extrinsic neurons: the differentiation relies on the localization of the soma of the neurons. The enteric nervous system (ENS) is composed of various types of neurons, including intrinsic primary afferent neurons and inter‐ and motor neurons [26](#oby22175-bib-0026){ref-type="ref"}. These neurons are in close proximity and in contact with spinal and vagal afferent nerves that send intestinal information to the brain. In addition to the well‐known nerve alteration observed in type 2 diabetes, the alteration specifically in the ENS observed during obesity and diabetes has an impact on the control of food intake and metabolism. In fact, the gut is considered a major partner that influences feeding behavior via the ENS. Numerous papers have described the actual cross talk among gut hormones, the ENS, and microbial factors to control digestive motility and food intake [27](#oby22175-bib-0027){ref-type="ref"}, and evidence suggests that alterations in the gut‐brain axis are associated with eating disorders [28](#oby22175-bib-0028){ref-type="ref"} (Figure [2](#oby22175-fig-0002){ref-type="fig"}); this association will be further detailed in this review.

Regarding the regulation of glucose metabolism, the alteration in the ENS in the duodenum of mice with obesity participates in the development of a type 2 diabetic state [29](#oby22175-bib-0029){ref-type="ref"}. The mechano‐detection of duodenal hyper‐contractility then sends an aberrant message to the brain that favors insulin resistance in tissues and participates in the hyperglycemic phenotype observed in this pathology. Therefore, targeting the ENS to improve glucose tolerance, insulin resistance, and hyperglycemia is now considered a new therapeutic perspective [30](#oby22175-bib-0030){ref-type="ref"}.

The relationship between the gut microbiota and ENS neurons is relatively complex. First, the microbiota can influence the development of the ENS [31](#oby22175-bib-0031){ref-type="ref"}, and this has consequences on ENS activity and neurochemistry (such as neuronal subpopulations). Second, gut bacteria can use different modes of communication to talk with ENS neurons, including a direct "sensing" with intrinsic primary afferent neurons or the release of numerous bacterial messengers (e.g., neurotransmitters, bioactive lipids, gaseous factors) [26](#oby22175-bib-0026){ref-type="ref"}. Along those lines, it is worth noting that the immune cells infiltrating the gut epithelium may also communicate with the microbiota [32](#oby22175-bib-0032){ref-type="ref"}. For example, Monteiro‐Sepulveda et al. showed that the abundance of a specific T cell (i.e., CD8αβ) in the jejunum correlated with BMI, steatosis, or an altered lipid metabolism. The authors suggest that this may also contribute to inflammation and insulin resistance in the jejunum, with eventually systemic effect [32](#oby22175-bib-0032){ref-type="ref"}.

Is there a link between the gut microbiota, the ENS, and obesity? Although the link seems obvious, a direct relationship between the gut microbiota, the ENS, and obesity has never been clearly demonstrated. In addition to gut dysbiosis, mice with obesity present an alteration in myenteric neuron plasticity [33](#oby22175-bib-0033){ref-type="ref"} and sensitivity [34](#oby22175-bib-0034){ref-type="ref"}, which could contribute to the gut dysfunctions (i.e., alternating phases of diarrhea and constipation) and hyperglycemia observed in patients with obesity and diabetes. Furthermore, evidence shows that these phenotypic characteristics (e.g., dysbiosis, alteration of gut motility, hyperglycemia) are exacerbated during aging. As demonstrated by Stenkamp‐Strahm et al. [35](#oby22175-bib-0035){ref-type="ref"}, aging is associated with an increase in excitatory neuronal markers, which could explain intestinal hyper‐contractility. Dysmotility of the colon during aging could also be explained by the development of fat deposition in the *tunica muscularis* of intestinal smooth muscle cells, which decreases the number of myenteric neurons that express the neuronal nitric oxide (NO) synthase enzyme [36](#oby22175-bib-0036){ref-type="ref"}. The link between obesity and gut microbiota is well established, but researchers have to focus on the capacity of the gut microbiota and its releasing factors to target the ENS in order to propose novel approaches to treat obesity and its associated phenotypes: namely, increase in food intake, intestinal dysmotility, and type 2 diabetes. However, although the link between colonic gut microbiota and the ENS is easily plausible, one may not fully explain the impact of the ENS on glucose absorption or the arrival of nutrients in the duodenal part. For instance, in humans, numerous factors, such as the nutrient composition of the diet and the hormonal response, strongly influence the gastric emptying, which in turn can affect the overall glycemic profile as well as the appetite sensation. In addition to ENS neurons, the cellular link between gut microbiota and obesity could be the enteric glial cells (EGCs). In fact, papers suggest that EGCs exert pleiotropic effects throughout the whole body, which could imply various roles in numerous pathologies, such as inflammatory bowel diseases, Parkinson disease, and obesity [37](#oby22175-bib-0037){ref-type="ref"}. Mice with obesity fed a high‐fat diet presented a significantly reduced number of S100 beta glial cells in the mucosal and submucosal plexuses of the duodenum [35](#oby22175-bib-0035){ref-type="ref"}. During development, the appearance of an EGCs network correlates with the maturation of gut microbiota [38](#oby22175-bib-0038){ref-type="ref"}. Similar to that observed in enteric neurons, there are multiple forms of communication between gut microbiota and EGCs. In a very interesting review, Kabouridis et al. [38](#oby22175-bib-0038){ref-type="ref"} explained these different possibilities. In summary, EGC activity could be modified by bacterial metabolites and by epithelial or immune factors (which are released in response to bacterial recognition by epithelial cells and immune cells, respectively). Deciphering the cross talk among gut microbiota, EGCs, and obesity is thus of major importance.

### Glucagon‐like peptide‐1, peptide YY, and endocannabinoids {#oby22175-sec-0006}

In this part of the review, we briefly discuss the role of key hormones and bioactive lipids that might be involved in the microbiota and the peripheral axis. However, several recent reviews have covered the modulation of these peptides and are mentioned here for review [39](#oby22175-bib-0039){ref-type="ref"}, [40](#oby22175-bib-0040){ref-type="ref"}, [41](#oby22175-bib-0041){ref-type="ref"}.

Glucagon‐like peptide‐1 (GLP‐1) is a key endocrine factor that could participate in the control of the gut‐brain axis by gut microbiota because of its location (i.e., released by intestinal L cells). In the middle of the 2000s, Cani et al. showed in rodents that modulation of gut microbiota by using specific prebiotics such as oligofructose improved glucose metabolism via a mechanism dependent on GLP‐1 [12](#oby22175-bib-0012){ref-type="ref"}. The impact of prebiotics on GLP‐1 in humans will not be discussed in the present review but is discussed elsewhere [39](#oby22175-bib-0039){ref-type="ref"}, [42](#oby22175-bib-0042){ref-type="ref"}. In addition to this discovery, whether intestinal GLP‐1 can reach the brain to affect food intake and metabolism is still a matter of debate, but it is clear that GLP‐1 has a potential anorexigenic effect in humans with obesity after bariatric surgery [43](#oby22175-bib-0043){ref-type="ref"}. However, whether the appetite and the glycemic impact observed after bariatric surgery are mediated by only the hormone GLP‐1 remains a matter of discussion [44](#oby22175-bib-0044){ref-type="ref"}. Furthermore, GLP‐1 receptors are expressed on ENS neurons [45](#oby22175-bib-0045){ref-type="ref"}. In addition to its direct central effect, GLP‐1 could act on ENS neurons to modify the gut‐brain axis to control food intake [46](#oby22175-bib-0046){ref-type="ref"} and glucose metabolism [47](#oby22175-bib-0047){ref-type="ref"} (Figure [2](#oby22175-fig-0002){ref-type="fig"}).

Similar to GLP‐1, the peptide YY (PYY) is released in response to nutrients by enteroendocrine cells and is known to reduce food intake and to increase energy expenditure by its actions in the brain. It is worth noting that the modulation of gut microbiota also has an impact on PYY release, mainly via the activation of mechanisms dependent on specific G protein--coupled receptors (GPRs), such as GPR43 (also known as FFAR2) or GPR41 (FFAR3) [48](#oby22175-bib-0048){ref-type="ref"}. In turn, PYY can also exert its effects on the brain via an endocrine route or via the ENS. Y1 receptors are located in myenteric and submucosal neurons [49](#oby22175-bib-0049){ref-type="ref"}, whereas Y2 receptors are located only in myenteric neurons (Figure [2](#oby22175-fig-0002){ref-type="fig"}) [50](#oby22175-bib-0050){ref-type="ref"}. The importance of PYY in obesity is reinforced by the suggestion to use GLP‐1 analogues in combination with PYY to reduce food intake in humans with obesity.

In the context of energy homeostasis, the endocannabinoid system (ECS) plays a major role. Endocannabinoids (eCBs) are bioactive lipids that are synthesized in and exert their action on several organs involved in metabolism and appetite regulation [41](#oby22175-bib-0041){ref-type="ref"}. Depending on the action exerted by eCBs on the intestinal mucosa, they can be clustered as a "gate opener" (anandamide) and "gate keeper" (palmitoylethanolamine, 2‐oleoylglycerol) [41](#oby22175-bib-0041){ref-type="ref"}. A pioneer study from Muccioli et al. demonstrated for the first time that gut microbiota can modulate intestinal eCB tone. An "obesity microbiota" is associated with an increased intestinal level of anandamide, thus increasing gut permeability [20](#oby22175-bib-0020){ref-type="ref"}. The daily administration of a key bacterium, *Akkermansia muciniphila*, was found to reverse diet‐induced obesity by a mechanism associated with increased intestinal levels of eCBs that control inflammation, the gut barrier, and gut peptide secretion [51](#oby22175-bib-0051){ref-type="ref"}. On the other hand, recent evidence suggests that ECS from adipose tissue influence the composition of gut microbiota. For example, selective deletion of the eCB‐synthesizing enzyme *N‐*acylphosphatidylethanolamine in adipose tissue induces obesity, glucose intolerance, altered lipid metabolism, and adipose tissue inflammation. These metabolic alterations were associated with a shift in gut microbiota composition that was reproduced in GF mice after the transfer of microbiota [52](#oby22175-bib-0052){ref-type="ref"}. To better unravel bidirectional ECS‐gut microbiota cross talk, further studies evaluating tissue‐specific modulation of the ECS would be of major interest. Notably, the gut microbiota itself is also able to produce bioactive compounds mimicking human eCBs that are able to modulate metabolic hormones and glucose homeostasis [53](#oby22175-bib-0053){ref-type="ref"}.

Metabolites produced by gut microbiota and acting as signaling molecules {#oby22175-sec-0007}
------------------------------------------------------------------------

### Short chain fatty acids {#oby22175-sec-0008}

Short chain fatty acids (SCFAs) are organic fatty acids containing two to six atoms of carbon and are produced in the cecum and in the colon of the host by the microbiota following the fermentation of nondigestible dietary fibers, proteins, and glycoproteins. Acetate, propionate, and butyrate represent 95% of SCFAs, and they are the most studied bacterial metabolites [54](#oby22175-bib-0054){ref-type="ref"}.

Bacterial SCFAs locally modulate the physiology of the large intestine, but they can also be absorbed (only 5%‐10% are excreted in feces) [55](#oby22175-bib-0055){ref-type="ref"} and control the metabolism of other organs (such as adipose, liver, muscle, and brain tissue), thus influencing the energetic homeostasis of the host, including appetite regulation [56](#oby22175-bib-0056){ref-type="ref"}. Of note, aside from the activation of GPR43 or GPR41, one of the primary roles of SCFAs is the modulation of the activity of histone deacetylase, and SCFAs are used by the colonic cells as an energy source [56](#oby22175-bib-0056){ref-type="ref"}, [57](#oby22175-bib-0057){ref-type="ref"} (Figure [2](#oby22175-fig-0002){ref-type="fig"}) (for review [56](#oby22175-bib-0056){ref-type="ref"}, [58](#oby22175-bib-0058){ref-type="ref"}).

However, additional findings suggest that SCFAs are also involved in the modulation of colonic physiology. For example, SCFAs induce colon motility. Fukumoto et al. demonstrated that intracolonic administration of SCFAs significantly accelerated colonic transit and that this effect was reduced after administration of a 5‐hydroxytryptamine (5‐HT) 3 receptor antagonist [59](#oby22175-bib-0059){ref-type="ref"}. In this same work, it was also shown *ex vivo* that SCFA administration increased the luminal release of serotonin (5‐HT) (Figure [2](#oby22175-fig-0002){ref-type="fig"}). (The role of serotonin will be further discussed under "Neurotransmitters"). It has also been suggested that butyrate, but not acetate or propionate, has a colonic prokinetic effect by increasing the proportion of cholinergic (excitatory) myenteric neurons; it seems that the change in neuronal phenotype is associated with increased acetylation of histone 3 [60](#oby22175-bib-0060){ref-type="ref"}. In addition to modulating motility, SCFAs modulate colonic secretion in response to 5HT: the gut microbiota downregulates 5‐HT3 expression via acetate production, thus lowering the host secretory response [61](#oby22175-bib-0061){ref-type="ref"}.

Recently, many studies have focused on the role played by SCFAs in the gut‐brain axis. The finding that the GPR41 receptor is expressed in sensory ganglia (afferent fibers) and in autonomic ganglia (efferent fibers) strongly supports the role played by SCFAs in the gut‐brain axis (Figure [1](#oby22175-fig-0001){ref-type="fig"}) [62](#oby22175-bib-0062){ref-type="ref"}. De Vadder et al. [63](#oby22175-bib-0063){ref-type="ref"} also showed that butyrate and propionate activated intestinal gluconeogenesis in the colon via complementary mechanisms. Butyrate increased the expression of intestinal gluconeogenesis enzymes through a cAMP‐dependent mechanism, while the same genes were activated by propionate via a gut‐brain axis involving GPR41 expressed on periportal neural afferents [63](#oby22175-bib-0063){ref-type="ref"}.

It is worth noting that acetate can also influence metabolism via a gut‐brain axis. Indeed, Frost et al. demonstrated that fermentable carbohydrates such as inulin altered hypothalamic neuronal activity specifically in the arcuate nucleus (ARC). They demonstrated that intraperitoneal administration of acetate or acetate directly produced by the gut microbiota through fermentation entered the hypothalamus and reduced appetite by increasing the expression of anorectic pro‐opiomelanocortin and suppressing agouti‐related peptide [64](#oby22175-bib-0064){ref-type="ref"}. In contrast with those findings, Perry et al. [65](#oby22175-bib-0065){ref-type="ref"} showed that acetate production from an altered gut microbiota increased glucose‐stimulated insulin secretion, ghrelin secretion, hyperphagia, and other alterations in the metabolism associated with obesity by activating parasympathetic neurons. One of the potential discrepancies between these two papers is that Perry et al. did not explore the fact that the microbiota rapidly transform acetate into other SCFAs. In addition, the protocol used may warrant discussion, since using 10 days of intragastric infusion of SCFAs probably changed both the microbiota and the overall SCFA profile in the gut, but this was not investigated. Indeed, the ratios of SCFAs are also important to consider: if the ratio of acetate to propionate is changed, for example, the real abundance of acetate can be increased. In other words, it remains unclear whether the observed effects are attributable to the acetate itself or to other products of the cross feeding. Another key factor is the route of administration; comparing the SCFAs produced by fermentation versus oral administration can strongly influence the outcome. Thus, acetate administration for 10 days by using the intragastric route suggests that acetate will be rapidly absorbed in the upper gut, and this may also change hormonal routes (via the GPRs). Thus, the question of whether changes in secretion of specific hormones are due to luminal mechanisms (in the intestine/stomach) or blood‐driven mechanisms is not yet resolved.

In any case, these two observations shed light on the important role played by the location of action of acetate in modulating the different effects on host metabolism [66](#oby22175-bib-0066){ref-type="ref"}.

### Bile acids {#oby22175-sec-0009}

Bile acids (BAs) also represent an important class of metabolites modulated by the gut microbes. Primary BAs are endogenous molecules synthesized in hepatocytes starting from cholesterol and subsequently conjugated with the amino acid glycine (mainly in humans) or taurine (in mice). BAs accumulate in the gallbladder and are released in the small intestine after a meal, where they mediate the absorption of dietary fat and lipophilic vitamins. In the intestine, primary BAs are converted into secondary BAs following microbiota‐driven deconjugation and dehydroxylation. Of the total BA pool, approximately 90% is absorbed in the ileum and is redirected to the liver where they will be recycled (enterohepatic circulation), while a small part of these remaining absorbed BAs enters the systemic circulation from which they can reach the brain (Figure [2](#oby22175-fig-0002){ref-type="fig"}) [67](#oby22175-bib-0067){ref-type="ref"}.

Unconjugated and conjugated BAs can cross the blood‐brain barrier by diffusion or active transport, respectively [68](#oby22175-bib-0068){ref-type="ref"}; both types of metabolites were detected in the human and rodent brain in healthy and pathological conditions. Moreover, nuclear farnesoid X receptor and Takeda GPR 5 (TGR5) (also known as G protein--coupled BA receptor 1) are abundantly expressed in the brain [67](#oby22175-bib-0067){ref-type="ref"}. Taken together, those observations suggest that BAs could directly act in the brain.

On the other hand, several studies suggest that BAs can indirectly modulate host metabolism by signaling to the central nervous system (CNS). Intestinal activation of farnesoid X receptors by BAs induces the intestinal expression of fibroblast growth factor 19 (FGF19), which can pass through the blood‐brain barrier and enter the brain, whereas FGF19 receptor has been detected in the hypothalamus [69](#oby22175-bib-0069){ref-type="ref"}. In mice, ARC responds to FGF19 administered in the periphery, whereas intracerebroventricular administration suppresses agouti‐related peptide/neuropeptide Y neuronal activity in addition to improving glycemic status [70](#oby22175-bib-0070){ref-type="ref"}. Moreover, BAs indirectly send signals to the CNS via the TGR5--GLP‐1 pathway. The activation of TGR5 on the basolateral side of enteroendocrine L cells stimulates GLP‐1 release, which can exert a positive effect on host metabolism signaling via the vagus nerve [71](#oby22175-bib-0071){ref-type="ref"} or activate the GLP‐1 receptor expressed in the brain (Figure [2](#oby22175-fig-0002){ref-type="fig"}) [72](#oby22175-bib-0072){ref-type="ref"}. From a more macroscopic perspective, it is also important to highlight the bidirectional interaction existing between BAs and gut microbiota composition [73](#oby22175-bib-0073){ref-type="ref"}. A study by Mertens provides a complete review of BA signaling to the CNS [67](#oby22175-bib-0067){ref-type="ref"}.

Neurotransmitters {#oby22175-sec-0010}
-----------------

It is often suggested that the levels of most neurotransmitters found in the gut are equal to or exceed those found in the brain, thus highlighting that microbial production of neurotransmitters may have a major role in bacteria‐neuron communication [74](#oby22175-bib-0074){ref-type="ref"}. A growing number of studies have revealed that the gut microbiota modulates the concentration of neurotransmitters in the periphery and in the brain, either directly producing/consuming the metabolites or modulating host biosynthetic pathways (Figures [1](#oby22175-fig-0001){ref-type="fig"}, [2](#oby22175-fig-0002){ref-type="fig"}) [74](#oby22175-bib-0074){ref-type="ref"}. However, most of the studies have been done in rodents, and therefore, although mechanistically interesting, the direct translation into humans warrants further investigation.

### Serotonin (5‐HT) {#oby22175-sec-0011}

In addition to what was previously described in this review regarding the role of serotonin in intestinal motility and secretion, this neurotransmitter regulates several other physiological functions.

Serotonin is synthesized in the brain, but it is also produced in enterochromaffin cells and enteric nerves [75](#oby22175-bib-0075){ref-type="ref"}. Moreover, it was recently confirmed *in vivo* that gut microbes promote colonic 5‐HT production by increasing the mRNA and protein expression of tryptophan hydroxylase (the rate‐limiting enzyme for 5‐HT synthesis) in enterochromaffin cells [76](#oby22175-bib-0076){ref-type="ref"}.

The precursor of serotonin is tryptophan, an essential amino acid that must be introduced by the diet. The gut microbiota directly uses tryptophan, reducing its availability to the host [77](#oby22175-bib-0077){ref-type="ref"}, and different bacterial species metabolize tryptophan into indole. On the other hand, bacteria can synthesize tryptophan or even produce 5‐HT from tryptophan (Figure [2](#oby22175-fig-0002){ref-type="fig"}) (reviewed in [77](#oby22175-bib-0077){ref-type="ref"}).

Regarding the exact role of the microbiota in the overall pool of serotonin, there is contrasting evidence. For example, studies show that GF mice have higher plasma levels of tryptophan and serotonin [78](#oby22175-bib-0078){ref-type="ref"}, [79](#oby22175-bib-0079){ref-type="ref"}, whereas other evidence shows that the gut microbiota promotes serotonin synthesis in enterochromaffin cells [76](#oby22175-bib-0076){ref-type="ref"}. Moreover, contrasting evidence related to the central level of serotonin in GF rodents has been reported [80](#oby22175-bib-0080){ref-type="ref"}, [81](#oby22175-bib-0081){ref-type="ref"} (for review [77](#oby22175-bib-0077){ref-type="ref"}).

### Catecholamines {#oby22175-sec-0012}

There are three main catecholamines: adrenalin and noradrenalin are produced by postganglionic sympathetic neurons or by chromaffin cells in the adrenal gland and are responsible for the "fight or flight" autonomic response, whereas dopamine is mainly synthesized in the brain and is involved in the reward system. At the level of the gut, catecholamines modulate gastrointestinal blood flow, nutrient absorption, and gut motility [75](#oby22175-bib-0075){ref-type="ref"}. The gut microbiota contributes to catecholamine levels and availability (Figures [1](#oby22175-fig-0001){ref-type="fig"}, [2](#oby22175-fig-0002){ref-type="fig"}). Compared to specific pathogen‐free mice, GF mice have lower levels of catecholamines in the cecum, and \> 90% of them are biologically inactive [82](#oby22175-bib-0082){ref-type="ref"}.

### Gamma‐aminobutyric acid {#oby22175-sec-0013}

Gamma‐aminobutyric acid (GABA) is the principal inhibitory neurotransmitter of the vertebrate CNS and is produced in neurons following the action of glutamate decarboxylase on glutamic acid. It has been demonstrated that certain strains of *Lactobacillus* produce GABA by this same biosynthetic pathway because they express glutamate decarboxylase [83](#oby22175-bib-0083){ref-type="ref"}, [84](#oby22175-bib-0084){ref-type="ref"}, [85](#oby22175-bib-0085){ref-type="ref"}. More recently, *Lactobacillus brevis* and *Bifidobacterium dentium* were identified as the most efficient GABA producers among all human‐derived strains cultured [85](#oby22175-bib-0085){ref-type="ref"}. Interestingly, in mice, chronic administration of *Lactobacillus rhamnosus* modulates the central expression of GABA receptors in a region‐specific manner and reduces anxiety‐ and depression‐related behavior; both effects were lost after vagotomy [84](#oby22175-bib-0084){ref-type="ref"}, suggesting that the intestinal microbiota could also modulate central neurotransmission in the host (Figure [2](#oby22175-fig-0002){ref-type="fig"}). On the other hand, in support of a bidirectional interplay, growing evidence suggests that some bacteria of the human microbiota could sense and probably respond to intestinal GABA or glutamate [86](#oby22175-bib-0086){ref-type="ref"}.

### NO: gaseous neurotransmitters {#oby22175-sec-0014}

Enteric bacteria can produce gaseous neurotransmitters such as NO [87](#oby22175-bib-0087){ref-type="ref"} through the reduction of nitrite or by bacterial NO synthase [88](#oby22175-bib-0088){ref-type="ref"}. NO is known to have important local effects; however, a previous report suggested a microbial‐induced gut‐to‐brain mechanism for this neurotransmitter (for review [26](#oby22175-bib-0026){ref-type="ref"}) (Figure [2](#oby22175-fig-0002){ref-type="fig"}).

### Caseinolytic protease B: specific bacterial component {#oby22175-sec-0015}

In 2014, Fetissov\'s team identified a protein expressed by commensal bacteria (caseinolytic protease B \[ClpB\]) as an antigen mimetic of an anorexigenic protein expressed by the host α‐melanocyte‐stimulating hormone \[MSH\] [89](#oby22175-bib-0089){ref-type="ref"}. In mice, administration of *Escherichia coli--*expressing ClpB protein stimulated host production of α‐MSH autoantibody and affected food intake, whereas this effect was not observed in mice treated with *E. coli* lacking ClpB expression [89](#oby22175-bib-0089){ref-type="ref"}. Moreover, the same team demonstrated that ClpB directly modulated appetite‐controlling pathways. In mice, acute injection of microbial protein extract containing ClpB increased the activation of pro‐opiomelanocortin neurons in the ARC, which is known to decrease food intake. Other brain regions known to modulate appetite were also involved [90](#oby22175-bib-0090){ref-type="ref"}.

Aside from the markers and metabolites mentioned here above, it is clear that numerous others exist and have been correlated with metabolic parameters, such as for instance cresol, indole, hippurate, and many other molecules that may be also directly influenced by our dietary habits [8](#oby22175-bib-0008){ref-type="ref"}, [91](#oby22175-bib-0091){ref-type="ref"}, [92](#oby22175-bib-0092){ref-type="ref"}, [93](#oby22175-bib-0093){ref-type="ref"}, [94](#oby22175-bib-0094){ref-type="ref"}. Therefore, the need to accurately investigate the nutrient ingestion in these kinds of studies should be strongly highlighted [95](#oby22175-bib-0095){ref-type="ref"}, [96](#oby22175-bib-0096){ref-type="ref"}.

Gut Microbes and Metabolic Endotoxemia: 10 Years Later {#oby22175-sec-0016}
======================================================

Currently, there is no controversy regarding the statement that a low‐grade inflammatory tone is characteristic of obesity and metabolic disorders. Although this inflammation may come from different potential origins, a profound change in the gut microbiota composition was found to be strongly correlated with higher blood levels of a constituent found in Gram‐negative bacteria; that is, the lipopolysaccharide (LPS) [97](#oby22175-bib-0097){ref-type="ref"}. Cani et al. demonstrated that the translocation of LPS was higher in both mice with genetic obesity and mice with diet‐induced obesity [18](#oby22175-bib-0018){ref-type="ref"}, [97](#oby22175-bib-0097){ref-type="ref"} (Figure [2](#oby22175-fig-0002){ref-type="fig"}). This phenomenon was called "metabolic endotoxemia," in contrast to endotoxic shock, in which the LPS levels are far higher (i.e., 2 to 3 log higher). Using genetic tools (i.e., toll‐like receptor \[TLR\] knockout mice \[CD14 or TLR‐4\]), it was unequivocally demonstrated that LPS was a triggering factor involved in the onset of inflammation and eventually insulin resistance, possibly by altering the mechanisms of food intake regulation and fat mass development [18](#oby22175-bib-0018){ref-type="ref"}, [97](#oby22175-bib-0097){ref-type="ref"}, [98](#oby22175-bib-0098){ref-type="ref"}, [99](#oby22175-bib-0099){ref-type="ref"}. Since these first observations in rodent models, human data have confirmed the impact of high‐fat diet feeding on the onset of metabolic endotoxemia and have also shown an association among obesity, metabolic disorders, and circulating levels of LPS [100](#oby22175-bib-0100){ref-type="ref"}, [101](#oby22175-bib-0101){ref-type="ref"}, [102](#oby22175-bib-0102){ref-type="ref"}, [103](#oby22175-bib-0103){ref-type="ref"}, [104](#oby22175-bib-0104){ref-type="ref"}, [105](#oby22175-bib-0105){ref-type="ref"}. However, further studies in humans are warranted to determine whether this is always due to an active gut permeability or to other specific mechanisms [32](#oby22175-bib-0032){ref-type="ref"}, [103](#oby22175-bib-0103){ref-type="ref"}, [106](#oby22175-bib-0106){ref-type="ref"}, [107](#oby22175-bib-0107){ref-type="ref"}, [108](#oby22175-bib-0108){ref-type="ref"}, [109](#oby22175-bib-0109){ref-type="ref"}, [110](#oby22175-bib-0110){ref-type="ref"}. These observations clearly support the hypothesis that bacterial components may regulate metabolic functions.

Interestingly, TLRs that recognize bacterial products are also expressed on colonic epithelia and colocalize with enteroendocrine cells [111](#oby22175-bib-0111){ref-type="ref"}.

More importantly, TLRs are expressed on vagal afferent neurons and nodose ganglia, suggesting a possible direct sensing of bacterial products by visceral afferent nerves but also supporting additional mechanisms involved in the gut‐brain axis [112](#oby22175-bib-0112){ref-type="ref"}. For the sake of clarity, the vagus nerve is the X cranial nerve and innervates the larynx, pharynx, and visceral organ; it is composed of motor (descending) and sensory (ascending) fibers whose cellular bodies are located in the nodose ganglia. Sensory vagal inputs terminate in the nucleus of the solitary tract in the hindbrain. Intestinal vagal afferents, which are ninefold more abundant than efferents, terminate in the mucosal and muscular layers of the gut [113](#oby22175-bib-0113){ref-type="ref"}.

Thus, in pathological conditions with increased intestinal permeability (i.e., obesity, metabolic disorders, intestinal inflammation), bacterial metabolites could directly reach nerve endings. For example, de La Serre et al. [112](#oby22175-bib-0112){ref-type="ref"} previously found that chronic LPS exposure (which mimics metabolic endotoxemia) induced higher food intake in rats (Figure [2](#oby22175-fig-0002){ref-type="fig"}). One of the key mechanisms was reduced vagal afferent leptin signaling after metabolic endotoxemia, which clearly shows that bacterial components can markedly affect the vagal afferent neurons and their functions [112](#oby22175-bib-0112){ref-type="ref"}. Conversely, in a "healthy gut," bacterial metabolites mainly modulate the activity of epithelial transducers, such as enterochromaffin cells and enteroendocrine cells, which release mediators on the basal side that are able to activate nerve endings. Nevertheless, only a few animal studies have shown that the effect of probiotics is abolished after vagotomy [84](#oby22175-bib-0084){ref-type="ref"}, [114](#oby22175-bib-0114){ref-type="ref"}, supporting the hypothesis that microbes communicate to the brain via the vagus nerve. In this context, several studies have evaluated the effect of probiotics on stress‐ and anxiety‐related behavior [113](#oby22175-bib-0113){ref-type="ref"}, although we currently lack studies on the vagal‐mediated gut‐brain axis in the field of metabolic disorders (Figure [2](#oby22175-fig-0002){ref-type="fig"}).

In this context, two recent papers from the same team demonstrated that diet‐induced changes in microbiota altered the vagal gut‐brain communication by reducing vagal terminals in the gut and in the nucleus of the solitary tract and increasing inflammation markers in the nodose ganglia [115](#oby22175-bib-0115){ref-type="ref"}, [116](#oby22175-bib-0116){ref-type="ref"}.

Conclusion {#oby22175-sec-0017}
==========

Currently, several important mechanisms have been highlighted and clearly demonstrate that the gut microbiota communicates with host organs by using several pathways. For example, the role of metabolites produced by the degradation of nutrients or host products (e.g., SCFA, serotonin, BAs, bioactive lipids) and the production of specific hormones stimulated by the action of such metabolites on key receptors and, eventually, specific nervous routes have been described. Although not completely elucidated, the link between microbes and the onset of specific diseases such as obesity has led to the development of key methods devoted to using nutrients, probiotics, or next‐generation approaches to prevent or cure diseases.

Thus, this review offers additional mechanisms for important findings explaining how gut bacteria and metabolites or by‐products may contribute to the development of obesity and related metabolic disorders.

We thank Clara Depommier for the histological picture used in Figure [2](#oby22175-fig-0002){ref-type="fig"}.
